OBJECTIVE: Male familial correlations in body mass index (BMI) were studied using a large nationwide dataset of Swedish military conscripts examined at age 18 -19 y. DESIGN: Record linkage was performed between Sweden's Military Service Conscription Register and the Multiple-Generation Register, enabling the identification of 92 869 families containing at least two brothers. Data on BMI at conscription was available for 196 743 sons and for 19 972 fathers. Pairs of relatives were used to estimate Pearson correlation coefficients for BMI, and to examine whether there are BMI intervals that show particularly strong familial resemblance. RESULTS: All biological family relations showed highly significant correlations for BMI: 0.28 (95% CI 0.27 -0.29) for father -son pairs; 0.36 (0.35 -0.37) for full-brothers, 0.21 (0.18 -0.24) for maternal half-brothers, and 0.11 (0.08 -0.14) for paternal halfbrothers. Also, a significant correlation, of 0.06 (0.01 -0.11), was found for non-biological quasi father -son relations. Fullbrothers were more similar with respect to BMI at age 18 than father -son pairs, and maternal half-brothers were more similar than paternal half-brothers. The familial risk of having BMI values above or below various cut-offs was found to be equally strong for low BMI as for high BMI values. CONCLUSION: The almost twice as strong BMI correlation between maternal half-brothers as between paternal half-brothers illustrates the importance of factors of non-additive genetic origin, to the familial aggregation of BMI. The significant BMI association found between biologically unrelated individuals from the same family emphasizes that assortative mating (and regional clustering) should be taken into account when the heritability of BMI is estimated.
Introduction
Overweight and obesity are threats to the health of populations worldwide. Obesity has important co-morbidities, such as insulin resistance, hyperlipidemia, hypertension and coronary heart disease. The condition is a driving force behind the increasing prevalence of type 2 diabetes mellitus observed in many countries. Overweight and obesity are also observed increasingly in developing countries, in parallel with traditional health problems such as undernutrition and infectious diseases. The body mass index (BMI) is calculated as weight in kilograms divided by squared height in meters. According to the World Health Organization, the criteria for overweight and obesity are BMI ! 25.0 kg=m 2 and BMI ! 30.0 kg=m 2 respectively. 1 Familial aggregation of BMI is well established in the medical literature. In adoption studies correlations in current BMI between adoptees and their biological relatives have been found to be about 0.11 for fathers, 0.15 for mothers, and 0.25 for full siblings. 2 In a Swedish study of twins reared apart, within-pair correlations for BMI were 0.70 for male, and 0.66 for female monozygotic twins. 3 These estimates were only slightly lower than the corresponding estimates for twins reared together, which can be interpreted to mean that shared familial environment has no, or little, importance for resemblance in BMI between twins. 3 In a review from the USA, based on a large number of twin pairs, and also on biological and adoptive family members, weighted mean correlation coefficients were 0.74 for monozygotic (MZ) twins, 0.32 for dizygotic (DZ) twins, 0.25 for siblings, 0.19 for parent -offspring pairs, 0.06 for adoptive relatives, and 0.12 for spouses. 4 Heritability is the proportion of variability in a quantitative phenotype that is due to genetic factors. By considering correlations for different types of relatives, and differences between them, it is possible for heritability to be estimated. In the literature, estimates of BMI heritability vary between 10 and 90%, with the highest values (50 -90%) generally reported in the findings of twin studies. 4 In twin studies it is often assumed that MZ and DZ pairs share common environmental factors to the same extent during childhood and adolescence. If this equal environment assumption is invalid, heritability may be overestimated. From studies of twins raised apart it is not always clear at what age the pairs were actually divided. Shared environmental factors acting in early childhood before separation may be important.
We believe that important questions concerning the role of the shared family environment have not yet been answered. The primary aim of the present populationbased Swedish study is to shed light on this issue by estimating correlations for BMI within male full-sibling pairs, half-siblings pairs, and father -son pairs. A further aim of the study is to investigate whether the magnitude of clustering of BMI within sibling pairs is equal over the entire BMI spectrum or if it is stronger in particular intervals. Access to a very large data set, including information on BMI in male siblings from Swedish military conscription close to age 18 y, and also a subset of families with data on BMI among the biological fathers at age 18, made it possible to explore these questions and provide new insight into the relative importance of genes and environment for BMI and the development of overweight.
Methods

Study population and record linkage
All men born between 1968 and 1980 and living in Sweden at age 17 were identified in the Swedish Multi-Generation Register (MGR). The MGR was linked to the nationwide Military Service Conscription Register (MSCR) using the Swedish personal identification (ID) number of each subject. After this linkage the ID numbers of the biological parents were included in the record of their offspring.
The file obtained from record-linkage between the MSCR and MGR was originally in son -father -mother format. To identify all possible family links, the file was rearranged into family-based format. The total number of unique families was 92 869, each with between two and eight sons. A total of 2729 twin-pairs and 15 sets of triplets were excluded because no information was available about zygosity.
Conscription examination
The Swedish conscription examination is compulsory by law for all young men with Swedish citizenship. Anyone not participating is required to present a certificate issued by physician containing information about diagnosis. The great majority of all young men thus participate in the conscription examination, although some of them may not be selected for later military service due to a severe chronic disease such as morbid obesity. However, in unusual cases, missing data on BMI may be explained by severe chronic disease or a severe handicap, precluding an individual from participating in military conscription examination.
Previous investigations have shown that data on BMI are available in the MSCR for about 90% of men born between 1968 and 1980 and living in Sweden at age 17 y.
5 Individuals sharing at least one parent with another conscript in the population, ie full or half-brothers, were selected for this study (n ¼ 196 743 Table 2 ).
The family relationships
Pearson correlation coefficients were computed for the following biological relationships: (a) Full-brothers; (b) maternal half-brothers; (c) paternal half-brothers; (d) father -first born son, in nuclear families; (e) father -last born son, in nuclear families; and (f) all father -son pairs, regardless of family type. For all associations between brothers, only families containing exactly two brothers were used. Correlation coefficients were also estimated for two types of nonbiological, so-called 'quasi' relations. In families with two fathers, ie women who had male offspring with two different 
Statistical methods
To test whether there were certain intervals in the BMI distribution where familial correlation was particularly strong, we investigated the probability of belonging to a particular BMI decile among later-born brothers, conditional on the decile of the first-born brother. We started by categorizing the BMI distributions of first and second born fullbrothers into 10 deciles. Only full-brothers belonging to families with two sons were used in these calculations. 2 . The probability that the later-born brother belonged to a particular decile class (1 -10) was then calculated conditional on the BMI decile of the first-born brother. The same procedure was adopted to the lower and upper 1% tails of the first-bornbrothers distribution corresponding to the cut-offs 1st percentile, < 17.0 kg=m 2 , and the 99th percentile, ! 31.9 kg=m 2 . With the purpose to compare empirical results with expected results if familial correlations in BMI were uniformly strong across the entire BMI spectrum, we simulated 800 000 paired data points according to a bivariate normal distribution with the same correlation coefficient (r ¼ 0.36) actually observed among the full-brothers. The simulated dataset was divided into deciles as described above for the empirical data. The conditional probabilities of the second paired data point belonging to deciles 1 -10 were estimated as functions of the deciles for the corresponding first data points. Based on the simulated dataset we also estimated the probabilities of the second data point belonging to decile 1 -10 conditional on the first data point being in the 1st or 99th percentile.
Lambda s values were estimated for full-brothers from sibships with no more full or half-brothers, as follows: probability (Brother2 Phe þ |Brother1 Phe þ )=P(Brother2 Phe þ ). Lambda s is thus the conditional probability of a certain phenotype in later-born brothers given that an earlier-born brother has the same phenotype, divided by the overall probability of the phenotype among all later-born brothers. Separate estimations of lambda s were then done using BMI percentile cut-offs ranging from < 0.5th to > 99.5th as definitions of phenotype. The SAS software was used for all statistical analyses. 6 
Results
The dataset was scrutinized for all existing familial links. Where the mother or father of a nuclear family had offspring with a second partner, the families were linked through the parent in common. Occasionally, families were linked in several stages, resulting in large horizontal families ( Table 1) .
Means of BMI by geographic area and year of birth are shown in Table 2 . As seen in the table and as previously described, 5 mean BMI values have increased over time in the Swedish population of 18-y-old men. The mean BMI increased slightly more than one unit over the course of three decades. BMI also varies slightly by geographic region.
Correlation coefficients with 95% confidence intervals and P-values for rejection of H 0 : r ¼ 0 for the various types of family relations are presented in Table 3 . All biological relations showed highly significant associations. The strongest correlation was observed for full-brothers, 0.36. The father -son correlation was significantly weaker, 0.28, indicating that full-brothers are more similar to each other with respect to BMI at age 18 y than sons are to their fathers at the same age. The trend with increasing mean BMI over time might potentially contribute to the difference between the correlations among father -son pairs and pairs of fullbrothers. However, these correlations were virtually unchanged after adjustment for the time trend (results not shown).
The correlation for maternal half-brothers was 0.21, while that for paternal half-brothers was 0.11 (Table 3) . Apart from being significantly lower than the correlation for fullbrothers, these estimates are also significantly different from each other.
The occurrence of non-paternity has not been reliably estimated in the Swedish population, but a recent study 5982  300  22  1  2  -2 fathers  4164  587  44  ----3 fathers  -38  6  ----4 fathers  --1  ----2 mothers  1 father  4337  798  62  -1  --2 fathers  -1128  337  38  2  --3 fathers  --72  7  5  --4 fathers  ---3  ---3 mothers  1 father  -65  12  ----2 fathers  --97  33  6  1  -3 fathers  ---18  13  1  1  4 fathers  -----1  -4 mothers  2 fathers  ---3  ---3 fathers  ----5  --4 fathers  -----1  -5 mothers  3 fathers  -----1  -Sum families 83 175  8598  931  124  33  7  1 Familial correlations in body mass index PKE Magnusson and F Rasmussen suggests a rate of between 2 and 5% in Western populations. 7 In the present study the potential impact of non-paternity would be an increased frequency of genetically unrelated paternal half-brothers as compared with maternal halfbrothers. For any trait, partially determined by genetic factors, non-paternity would reduce the correlation between paternal half-brothers. A simulation strategy was applied to test whether non-paternity was an important contributing factor to the lower correlation observed for paternal halfbrothers. Non-maternity was introduced among maternal half-brothers assuming a misspecification rate of 5%. Five percent of all pairs of maternal half-brothers (4164 pairs) were selected at random. Among these pairs the BMI values of the later-born brothers were allocated at random before estimating the within-pair correlations. This procedure reduced the correlation by 0.02 (from r ¼ 0.21 to r ¼ 0.19, 95% CI 0.16 -0.22). A non-maternity rate of above 40% would be required to reduce the correlation of maternal half-siblings to the same level (r ¼ 0.11) found among paternal half-siblings. The BMI correlations between biologically unrelated men, but linked through women who have offspring with both of them (Figure 1 ), provide insight into resemblance due to social or environmental factors. Unfortunately, phenotypic data on both fathers were available for only 362 families, and the correlation between these fathers was not significant (r ¼ 0.08, Table 3 ).
The number of quasi father-son pairs was larger (n ¼ 1576) and a significant correlation was found (r ¼ 0.06; Table 3 ). Thus despite no genetic and only limited familial environmental factors being shared by subjects within these pairs, a significant positive correlation was seen between offspring and men that were a previous or later partner or husband to their mother.
Whether familial BMI correlations are stronger or weaker in any particular interval of the BMI distribution has not been well explored. Figure 2 shows the probability that the later-born brother in pairs of full-brothers belonged to a particular BMI class, conditional on the BMI class of the earlier-born brother. The probability of being in the tail deciles is more dependent on the decile of the brother than is the probability of being in the middle deciles. For example, the probability of being in the 10th decile, given an older brother in the 10th decile, is much higher than the probability of being in the 5th decile given an older brother in the 5th decile. This phenomenon is at least as strong for low as for high BMI values. Figure 2 also includes simulated probabilities based on the bivariate-normal distribution with a correlation coefficient identical to that found for the empirical data (r ¼ 0.36). The simulated probabilities mirror the empirical data across deciles, indicating that the strength of the correlation is uniform over all BMI deciles.
There might be strong genetic effects influencing the upper tail of the BMI distribution that do not influence the Familial correlations in body mass index PKE Magnusson and F Rasmussen remaining parts of the BMI distribution. If this was true, the BMI distribution would be more skewed among brothers of obese individuals than among brothers of really thin subjects. Probabilities were estimated for the 10 BMI decile classes among later-born brothers whose earlier-born brothers belonged to either the 1% upper tail or the 1% lower tail of the BMI distribution ( Figure 3 ). The probability of being among the 10% thinnest individuals is 42% for brothers of the 1% thinnest older brothers, while the probability of being among the 10% most obese individuals is 40% for brothers of the 1% most obese of the older brothers. The shape of the BMI curve based on values simulated from a bivariate-normal distribution follows the empirical data fairly well (Figure 3 ). Using the 72 687 full-brother pairs, lambda s was estimated for various percentile cut-offs (Figure 4) . The value of lambda s increases dramatically when more extreme cut-off values in both directions are used. The increase is symmetrically distributed at both tails of the BMI distribution.
Discussion
The strength of familial correlation increases with increasing degree of genetic relatedness. The BMI resemblance is, however, stronger between full-brothers than between fatherson pairs, even though they on average share genes to the same extent. This possibly reflects that brothers share familial environment during childhood, which is not the case for father -child pairs. In nearly all cases the fathers had their height and weight measured at age 18 -19 y, before their sons were born.
At preschool age, and even in later childhood, eating habits in the family and food choices made by parents are determinants of their offspring's energy intake. It is generally mothers who prepare the meals served in Swedish families. Sharing the mother during childhood and youth may be an important contributing factor to BMI resemblance in fullbrothers. Half-brothers with a mother in common show a substantially higher correlation (0.21) than half-brothers of the paternal type (0.11). Since the majority of children live with their mothers following a divorce, the familial environment (including eating habits) is likely to be shared to a larger extent by maternal half-brothers than paternal halfbrothers. This may be the strongest contributing factor to the striking difference found between maternal and paternal half-brothers. Other possible explanations are in utero effects and genetic imprinting. A recent study suggests that intrauterine exposure to maternal diabetes conveys an increased risk per se for the development of obesity in offspring. 8 This would contribute to an elevated correlation between maternal, but not paternal, half-siblings with regard to BMI. In a recent Swedish twin study a weak positive association was found among MZ twins for within-pair differences in birthweight and BMI in young adulthood. 9 These and other Familial correlations in body mass index PKE Magnusson and F Rasmussen studies do indicate that the fetal environment may be important for BMI and the risk of obesity in adulthood, but much more needs to be learned before firm conclusions can be drawn. Concerns might be raised that registered parents are not the biological parents. As previously mentioned a recent investigation suggest a non-paternity rate of 2 -5% for the British population, 7 which is likely to be similar to the rate in Sweden. The present authors have shown that a 5% nonmaternity rate only effected a small reduction in the correlation coefficient, which was far from sufficient to support the idea that non-paternity plays a predominat role as an explanation of the difference in correlation observed between half-brothers with mother or father in common. It might Figure 3 The leftmost bars 1 -10 represent the BMI decile distribution of later-born full-brothers to subjects belonging to the 1% thinnest tail (BMI < 17.04), whereas the rightmost bars 1 -10 represent the BMI decile distribution of later-born full-brothers to subjects belonging to the 1% most obese tail (BMI ! 31.95) of the distribution. The connected dots represent expected shape if familial correlation among brothers (0.36) was equally strong across the entire BMI interval, ie bivariate normal distributed. Figure 4 Lambda s as a function of percentile cut-off. Lambda s is here defined as how much more likely a later-born brother is to be below (for percentiles under 50), or above (for percentiles over 50) a certain percentile cut-off value, provided that the BMI of the earlier-born brother is below (for percentiles under 50), or above (for percentiles over 50), the same cut-off percentile. Filled-in squares show observed data for full-brothers, while open squares show values as expected from a bivariate-normal distribution with a correlation as observed in the empirical data (0.36).
Familial correlations in body mass index PKE Magnusson and F Rasmussen be argued that the frequency of non-paternity is higher among children with half-brothers than in the general population. The simulations showed, however, that a highly unlikely rate (over 40%) would have to be assumed for non-paternity to be the full cause of the discrepancy in correlation between maternal and paternal half-brothers. Full-brothers share on average half of their genes, and so do parents with their offspring. Half-brothers share on average one quarter of their genes. After subtracting the 'regional=cultural' influence, estimated from the quasi relationships, from the correlation between biological relatives, the inverse of the genetic-sharing proportion may be used to estimate heritability. If full-brothers are used for this purpose, the heritability becomes 0.58 ((0.36 7 0.07)Ã2), while if paternal half-brothers are used the heritability only reaches 0.16 ((0.11 7 0.07)Ã4). If non-paternity is ruled out as an important explanation, why does the heritability become so much lower when paternal half-brothers are used for the estimation? Heritability might have been overestimated among full-brothers since shared familial environment and maternal factors have not been accounted for. Thus, the low correlation observed for the 4337 paternal half-brothers in this population-based study might indicate substantially weaker additive genetics effect on BMI than hitherto believed.
Vogler and coworkers 10 explored the influences of shared familial environment and non-shared individual environment on BMI in a Danish adoption study. Information was available on adult adoptees, and also their biological and adoptive relatives. A model of familial resemblance based on path analysis was applied, which also incorporated the effects of assortative mating. Estimated heritability was 0.34 (95% CI, 0.28 -0.40). Strong evidence was presented for genetic effects, but no evidence for any effects of shared family environment. 10 The apparent difficulties of showing any effect of raising environment in adoption studies is puzzling, and stand in contrast with our findings on halfbrothers and non-biological relatives. Possible explanations might be that the strongest environmental influence occurs early in life before adoption, or that shared familial environment has a weaker impact on adoptees for unknown reasons.
Previous findings about the heritability of BMI and related phenotypes have prompted a search for molecular -genetic factors influencing the risk of obesity. Recently, major efforts have been made by means of genome scans and candidategene association studies, and several promising candidates have been identified. 11 In the present paper we have attempted to establish whether there is a particular interval in the BMI spectrum where familial resemblance is increased, and therefore could act as a suitable 'phenotype' for geneidentification studies. When the BMI distribution is divided into deciles, the BMI of earlier born brothers influence the BMI of later born brothers in a way that would be expected if the correlation was equal over the whole spectrum.
It should be recognized that high lambda s values in the tails of the BMI distribution is not, by itself, an indication of stronger familial correlation in BMI for higher or lower values. This is because the lambda s value is restricted by the prevalence of the trait, eg the maximum lambda s for a trait with prevalence of 0.50 is 2. The shapes of the lambda s curves derived from theoretical bivariate-normal distributed data and the empirical data were similar, indicating similar strength of the brother correlation over the BMI spectrum from lean to obese body constitution. For the most extreme cut-offs, however, lambda s values were higher for the empirical data, possibly reflecting a somewhat stronger familial resemblance for BMI in the two tails of the BMI distribution. Taken together, these analyses suggest that the family correlations of BMI for Swedish men at age 18 is equally strong for lean as it is for obese subjects, and possibly somewhat more pronounced in the upper and lower tails than it is in the middle part of the BMI distribution. Whether it is the same genes or different genes that influence variation in BMI in the normal range as in the extreme ranges is an interesting question to be addressed in future research.
